Abstract Terahertz (THz) time-domain spectroscopy and 3D THz pulsed imaging have been explored with regard to polymer materials, both commodity and historic polymers. A systematic spectroscopic study of a wide range of different polymer materials showed significant differences in their spectra. Polyolefins and polystyrenes generally exhibit lower absorption than other examined polymers, various cellulose derivates, poly(vinyl chloride), poly(methyl methacrylate), polyamide, hard rubber and phenol formaldehyde resin, the last of these exhibiting the most intense absorption over the entire range, 0.15-4.2 THz. It was also examined how the presence of plasticisers in poly(vinyl chloride), the presence of fillers in polypropylene, and the degree of branching in polyethylene and polystyrene affect the spectra; inorganic fillers in polypropylene affected the absorption most. With 3D THz pulsed imaging, features in polymer objects were explored, appearing either as integral parts of the material (coatings and pores in foams) or as a consequence of physical deterioration (cracks, delamination). All of these features of various complexities can be successfully imaged in 3D. Terahertz technology is thus shown to have significant potential for both chemical and structural characterisation of polymers, which will be of interest to heritage science, but also to the polymer industry and development of analytical technologies in general.
Introduction
Chemical and structural monitoring of polymer materials is essential to understanding the mechanisms by which they degrade and to propose procedures and techniques for their stabilisation. A variety of degradation phenomena, such as chain relaxation [1] , migration of additives (e.g. plasticisers [2] ), elimination (e.g. dehydrochlorination of poly(vinyl chloride) [3] ), hydrolysis (e.g. in polyamide [4] ) and oxidation [5] , have been studied particularly well for a number of commodity polymers.
However, a number of polymer objects and products remain of interest after their intended useful lifetime and are retained as heritage objects in museum collections [6] [7] [8] [9] , and in photographic and audiovisual archives [10] . Often, the constituent materials of such objects are in advanced and less well studied stages of deterioration when specific volume changes become evident as cracking, delamination and similar structural changes. Additionally, because of their nature, stabilisation and conservation of museum objects made of polymers represents a particular challenge.
To enable polymer conservation, understanding and visualisation of both chemical and structural changes are crucial. For identification and chemical characterisation of synthetic materials, the routinely used techniques are Fourier transform infrared (FTIR) and Raman spectroscopic methods, and Pyrolysis-GC/MS and size-exclusion chromatography among separation methods [10] , providing chemical information on the composition and on degradation processes. However, many of these also either require sampling or close contact with the object, and the sample is often consumed during analysis. An analytical technique is still needed that is nondestructive (the sample is not consumed during the process of analysis) and non-invasive (sampling is not required). Terahertz (THz) technology might be suitable for this purpose [11] , and its potential for the study of historic polymers is investigated in this work. Terahertz radiation occupies the region between microwaves and far infrared (1 mm-100 μm, i.e. approximately 0.3-3 THz) and its recent advance is related to the development of the necessary radiation sources and detectors [12, 13] . The particular advantage of THz spectroscopy in comparison to other optical techniques is that it induces changes in the rotational, translational and vibrational states of entire molecules, hence rendering itself particularly suitable for characterisation of macromolecular and supramolecular structures, such as those in polymeric materials [14, 15] . THz spectroscopy has been shown to be useful for determination of glass transition temperature of polymers [16] and to study the sorption of water into synthetic materials [17] , particularly as polar materials absorb THz radiation well.
In the past few years, THz spectroscopy and imaging have been introduced into heritage science [18] and, while it is mostly used for qualitative analysis and identification, it has recently also been shown that quantitative information can be extracted from THz spectra of organic macromolecular materials [19] . In this work, we systematically examine the features of a substantial number of commercially as well as historically important polymers.
Owing to its properties, THz radiation can be used for imaging applications [20, 21] , which combines a substantial depth of penetration into opaque organic materials with a significant amount of chemical information, such as the nature and distribution of organic compounds [22, 23] . Threedimensional (3D) THz imaging is already a valuable method in medical diagnostics [24] and aerospace engineering [25] , and it could significantly contribute to the present practice of structural monitoring of materials of organic origin, such as synthetic polymers [26, 27] . Other currently more mature imaging methods, such as X-ray or neutron tomography [28, 29] , are typically significantly resource-intensive and often performed in the frame of large research infrastructures. In contrast, 3D THz imaging technology allows for the development of portable instruments used in situ.
Terahertz imaging operates on the principle of reflection of THz pulses from subsurface phase boundaries, i.e. boundaries between materials with different refractive indices. The penetration depth depends on both the opacity and the electrical conductivity of the sample examined-it can vary from several millimetres for opaque and conductive materials to several centimetres for transparent and dielectric materials. The spatial resolution of the system depends on the wavelength used, and is typically in the range 150-200 μm for lateral resolution, with a precision of approximately 20 μm, and 20-40 μm for depth resolution, with a precision of approximately 2 μm [30] .
Three-dimensional THz pulsed imaging (TPI) has recently been applied to historic materials, such as pottery and terracotta [31, 32] , and in this work the first 3D images of historic polymer objects are presented with the aim of identifying structural features as a consequence of advanced degradation.
Materials and methods

Terahertz time-domain spectroscopy
THz transmission spectra were acquired using a THz-TDS system (Tochigi Nikon Corporation, Tochigi) with a femtosecond (fs) fibre laser light source and a photoconductive antenna emitter/detector. The system covers the frequency range 0. 15 
Terahertz pulsed imaging
A TPS Spectra 3000 instrument (TeraView, Cambridge) was used for all TPI experiments. The emitter and receiver are based on a near-infrared (NIR) fs-pulsed laser and gallium arsenide (GaAs) semiconductor system, which covers the frequency range 0.06-4 THz and works at a pulse rate in the range 20-100 waveforms/s. This system is described in detail elsewhere [33] and for our study it was equipped with an x-y reflection imaging module.
As a non-destructive and non-invasive technique, TPI does not require sampling, sample preparation or pressure to be applied; moreover, because of the low power employed, it causes no thermochemical damage [34] . Thus, the objects under investigation were directly placed on the analytical stage and examined with no resulting alteration of their condition. Reflection images were acquired using the entire range of frequencies with a spot size at each location of approximately 100 μm 2 . When a THz pulse is reflected from a structured material or a material with internal interfaces characterised by different refractive indices, then some of the pulse will be reflected from each layer. The sequence of the reflected pulses from each layer is usually denoted as an A-scan. Because both the emitter and the detector can be moved across a sample in the x-y direction, imaging of an object can be performed. If the emitter and the detector are moved along a sample in the x direction, individual pulses at each position are received. The received pulses can be plotted either on a grey-intensity or a false colour scale, which results in a cross-sectional image denoted as a B-scan. The resolution of a B-scan depends on pulse acquisition rate and speed of travel in the x direction. A C-scan is simply a scan over an area of a sample in the x-y direction, where at each point a sequence of pulses is recorded; thus a 3D image of an object can be obtained.
To explore the capabilities of 3D TPI, several examples of historic plastic objects were selected. These were identified by attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy. The ATR-FTIR spectra were collected using a Bruker Optik Alpha FTIR spectrometer equipped with a Platinum ATR single reflection diamond sampling module. Absorbance spectra were acquired over the range 4,000-375 cm −1 , with 120 scans at a resolution of 4 cm −1 . The objects included a degraded CA photographic negative, two triangular amber-coloured CN pieces of a box (one with no observable damage, the other one severely crazed, i.e. exhibiting internal cracks) and a painted polyether-based polyurethane (PUR) foam toy (Fig. 1) .
Results and discussion
THz-TDS Spectroscopic features of different polymer materials were first determined using THz-TDS (Fig. 2) . This first systematic investigation of THz spectra of plastic materials reveals that most materials strongly absorb THz radiation in the region 0.15-4.2 THz. Cellulose-based semisynthetic polymers are a good example of this and, whereas there is little difference between the spectra of cellulose esters with acetic, propionic and butyric acid, the spectrum of cellulose nitrate does exhibit additional structure in the 0.15-to 0.5-THz region and has an overall higher transmission. The non-polar polyolefins (PE and PP), on the other hand, exhibit less intense absorption. There appear to be significant differences between high-density and medium-density polyethylene, leading to the conclusion that the extent of branching (PE-MD being more branched than PE-HD) might contribute to the difference. A substantial series of PP-based polymeric materials shows that spectral features strongly depend on the type of filler used: mica and glass seem to reduce the transmittance substantially, whereas talc and BaSO 4 introduce identifiable absorption bands. It is well known that inorganic materials, such as pigments [35] , often exhibit THz spectra that enable their identification. Vinyl benzene (styrene)-based polymers exhibit related spectra, particularly in the series of differently branched polystyrenes and styrenebutadiene block copolymer, with similar chemical composition and also similar structure, but different ratios of the styrene and butadiene building blocks. On the other hand, the addition of acrylonitrile to the reaction mixture (in ABS) significantly increases absorption, possibly as a result of the polar groups introduced into the structure.
The next series of examined polymers, unplasticised and plasticised PVC, exhibit no differences in the transmittance spectra; however, both absorb THz radiation strongly. On the other hand, introduction of olefin (non-polar) monomers in EVAC reduces the absorption.
Lastly, there is a series of materials with similarly intense absorption, but remarkably different composition. Vulcanite (highly vulcanised natural rubber), PA and PMMA have similar spectra to cellulose derivatives and ABS, whereas phenolformaldehyde resin (Bakelite) exhibits by far the most intense absorption over the whole measured range.
The studies of spectra indicate that THz spectroscopy could be used for identification of classes of polymer materials and in some cases, e.g. glass transition temperature [16] , may provide quantitative information on the tertiary structure of the material. Many polyolefin-based and styrene-based polymers exhibit spectra with clear absorption features, whereas many other polymers, particularly polar ones, including those often present in heritage collections (CA, CN, PF, vulcanite) exhibit very strong absorption over most of the spectrum.
Differences in absorption properties of different polymer materials indicate that in imaging applications, particularly in 3D imaging, the depth of penetration of THz radiation could be significantly different. In the next section, a few selected case studies are examined.
TPI of a CA photographic negative
Cellulose acetate degrades by hydrolysis and oxidation in the presence of light and heat [7, 36] . In the advanced stages of degradation, breakdown of polymer chains leads to crazing, interconnected cracks on the surfaces or in the body of an object. In applications where plasticiser is required, this is lost in the long term, causing shrinkage and distortion [37, 38] . The degradation process is autocatalytic and accompanied by emission of acetic acid, the process is often called vinegar syndrome.
In photographic films, cellulose triacetate, a type of CA, has often been used as a base material for emulsions consisting of silver halide crystals suspended in gelatine [9] . It should be noted that cellulose triacetate has different chemical and supramolecular structural properties to CA discussed above; however, for the imaging experiment, this difference is not of major significance. By imaging of a degraded CA photographic negative (Fig. 1a) by 3D TPI, it is possible to visualise the delamination occurring at the phase boundary between the film base (CA) and the gelatine layer carrying the image. Other structures, such as voids (bubbles) and cracks, can also be observed as a consequence of advancing degradation [39] (Fig. 3) . The B-scan in Fig. 4 indicates a shaded area in the bulk of the CA layer, which could represent an artefact but could also indicate that the degraded surface has a different refractive index than deeper layers of the same material, containing less water. The latter Fig. 1 Historic plastic objects used in the THz imaging experiment: a CA photographic negative (a), a CN box with two triangular legs detached (b), the right one crazed and the left one with no observable damage, and a polyether-based PUR object in an advanced stage of decay (c) would suggest that a degradation profile could potentially be imaged. This aspect will need to be investigated in further studies.
Imaging of the CA photographic negative showed that even imaging of transparent two-dimensional (2D) objects reveals features that cannot be observed by the naked eye easily or at all. The next case study focussed on 3D objects of homogeneous composition, thus increasing the level of complexity. Fig. 3) showing a shaded area, as indicated by the arrow, which could either represent an artefact or indicate that the surface has a different refractive index than deeper layers of the same material. The top surface of the negative is at the bottom of the image (ca. 7.5 ps), the artefact at ca. −7.0 mm represents a bubble in the structure and the two diagonal lines at −7.0 mm and 0 mm represent cracks. The different interfaces between various layers and structures lead to contrast in the falsecolour image TPI of CN objects Both light and moisture cause CN to lose nitro groups in the form of nitrogen oxides [40] . A physical manifestation of chemical degradation of CN is crazing, which occurs when the polymer returns to its original crystalline cellulose structure and changes its specific volume [38] . In the present study, it was of interest to investigate whether the structure and depth distribution of cracks in a CN object could be imaged in comparison with a similar object not exhibiting the same phenomenon.
In Figs. 5, 6 and 7, the C-scans and the 3D images of two identical CN objects (feet of the box in Fig. 1b ) are shown. In Fig. 5 , the C-scans reveal a uniform structure of a less degraded CN object with no subsurface features that can be observed or imaged (a, b), and another one (c-e) where crazing can be imaged in the C-scan. All these represent horizontal cross sections of the object at different depths. In Fig. 6 , different 3D angle shots of the less degraded object are shown, indicating no internal structural defects. On the other hand, in Fig. 7 , the internal structure of cracks in the severely crazed CN object is visualised, from three different angles.
TPI of a coated polyether-based PUR object
In general, polyether-based PUR polymers are less susceptible to hydrolysis than the other type of PUR material, i.e. polyester-based; on the other hand they are less resistant to photo-oxidation [7, 41] . Polymer chain breakdown causes a significant reduction in molecular weight, resulting in the loss of structure in the material and, in the long term, powdering. Polyurethane foams degrade rapidly because of their substantial surface area available for oxidation reactions. On the other hand, painted PUR foams tend to be more resilient owing to the presence of a protective barrier against light and oxygen [38] . In this work, such an object was selected as the third case study (Fig. 1c) , where the 3D structure was of interest particularly because the object is covered with a coating and its internal structure cannot be visually assessed; this added feature thus represents another layer of complexity in addition to the two case studies already presented. It was also of interest to visualise the thickness of the coating, in addition to understanding the pore shape and size. Figure 8 shows that the thickness of the painted layer can be imaged in terms of optical delay (i.e. time-of-flight) of the THz beam measured in picoseconds (ps) in the B-scan. The subsurface pore shape and structure of the PUR foam can also be clearly imaged.
It would be of interest to quantify such features in future studies. For this to be done the optical delay would need to be translated into path length, in order to allow for measuring the surface layer thickness and actual pore size. For instance, the difference in optical delay between the radiation reflected by the coating-substrate interface and the radiation reflected by the surface could be analysed in the time domain [42] .
Conclusions
In this work, the potential of THz time-domain spectroscopy and 3D THz pulsed imaging was examined with regard to characterisation of polymer materials, particularly those of historic importance. With spectroscopy, the chemical structure of 26 standard commodity polymers and historic polymers was examined, and with imaging, the physical structure of three historic objects in advanced stages of degradation was investigated. The following was demonstrated:
-The THz-TDS transmittance spectra of different polymer materials do differ, but often do not have significant features to allow for polymer identification. However, non-polar polyolefins and polystyrenes exhibit lower absorption in comparison with other examined polymers, from cellulose derivates to PVC. -The presence of plasticisers in PVC does not seem to affect the spectra, whereas the presence of fillers in PP significantly affected the shape of spectra and intensity of absorption. This indicates that TDS could be used for identification and potentially quantification of such fillers. -The degree of branching and consequently the degree of order do not seem to affect the TDS spectra to a great extent, although there are small differences between PE-HD and PE-MD; and PS-GP, PS-HI and PS-MI. This might enable the use of THz spectroscopy for the analysis of chemical structure of these materials.
-Terahertz pulsed imaging was applied to three objectsa 2D CA negative, a 3D CN object and a coated PU object, thus examining the potential of the technique for imaging of objects of various complexities.
-The 3D TPI can be used to successfully image subsurface structure of such objects, either as a consequence of degradation (cracking, delamination) or features that are part of the object structure (coatings and pores).
At present, in-depth knowledge on the nature of processes leading to absorption of THz radiation in macromolecular materials is missing; however, it is clear that the application of THz technology has a significant potential for characterisation of polymers. Spectroscopic methods could be used for the characterisation of chemical composition and structure, whereas imaging methods could be used for understanding their physical features, either as a consequence of production or as a consequence of degradation.
